Recently, there has been high interest in the capabilities of nonlinear ultrasound techniques for damage/ defect detection as these techniques have been shown to be quite accurate in imaging some particular type of damage. This paper presents a Constructive Nonlinear Array (CNA) method, for the detection and imaging of material defects/damage in a complex composite stiffened panel. CNA requires the construction of an ultrasound array in a similar manner to standard phased arrays systems, which require multiple transmitting and receiving elements. The method constructively phase-match multiple captured signals at a particular position given multiple transmit positions, similar to the total focusing method (TFM) method. Unlike most of the ultrasonic linear techniques, a longer excitation signal was used to achieve a steady-state excitation at each capturing position, so that compressive and tensile stress at defect/crack locations increases the likelihood of the generation of nonlinear elastic waves. Moreover, the technique allows the reduction of instrumentation nonlinear wave generation by relying on signal attenuation to naturally filter these errors. Experimental tests were carried out on a stiffened panel with manufacturing defects. Standard industrial linear ultrasonic test were carried out for comparison. The proposed new method allows to image damages/defects in a reliable and reproducible manner and overcomes some of the main limitations of nonlinear ultrasound techniques. In particular, the effectiveness and robustness of CNA and the advantages over linear ultrasonic were clearly demonstrated allowing a better resolution and imaging of complex and realistic flaws.
Introduction
Over the last sixty years NDT/E has been an area of continued growth, the need for such methods has increased dramatically in recent years due to the need for [1] : product safety, in-line diagnostics, quality control, health monitoring, security testing, etc. Over the last two decades due to the high cost of inspection of composite materials compared with metallic structures, development of a reliable and effective NDT/E method to detect the occurrence of critical failure modes in composites has been pursued [2] [3] [4] [5] .
Currently there are various NDT/E techniques that are available for material evaluation, these methods although essential for the testing of materials are not without drawbacks, which include: time, cost and defect discovery concerns. One of the most promising and well-developed fields of NDT/E is ultrasonic testing methods which have been found to provide high levels of suitability and effectiveness in damage/defect evaluation and have become very popular due to their capability, flexibility and relative costeffectiveness.
Ultrasonic testing can be broadly defined into two groups those based on principles of linear ultrasound and those based on principles of nonlinear ultrasound. Linear ultrasound methods include reflection, transmission, mode-conversion, scattering and absorption of acoustic energy caused by a defect [6] [7] [8] [9] . Nonlinear acoustics include harmonic generation, frequency mixing and modulation of ultrasound by low-frequency vibration [10, 11] . While linear techniques identify cracks by detecting the amplitude and/or phase change of the response signal caused by defects when a consistent probe signal is applied, nonlinear techniques correlate defects with the presence of additional frequency components in the output signal [12] . The current shift away from linear ultrasonic techniques is mainly due to the fact that the sensitivity of nonlinear methods to study damage evolution appears to be a few orders of magnitude higher, while linear techniques are only sensitive to gross defects rather than micro-damage [13] .
One of the main issues that has restrained the adoption of nonlinear ultrasound techniques in industry has been the repeatability http://dx.doi.org/10.1016/j.ultras.2016.09.018 0041-624X/Ó 2016 Elsevier B.V. All rights reserved. and effectiveness of these techniques, as the frequency dependence of these techniques makes it difficult to determine which excitation frequency to use. Works by Solodov et al. propose a solution based on the resonant ultrasonic wave-defect interaction due to local defect resonance (LDR) [14, 15] . LDR is determined by known geometry, material characteristics and boundary conditions, results have shown a strong increase in vibration amplitude at these frequencies. One of the issues with such methods is that they rely on known damage location and material properties, without prior knowledge of damage location it becomes difficult to determine the frequency of LDR. This work proposes a method focused on local resonance determined by forced ultrasound excitation, where damage location and material properties are unknown.
Ultrasonic phased array techniques arguably lead the field in terms of damage detection capabilities and suitability for composite material structures. Phased array systems generally use an array of transmitting and receiving piezoelectric elements, where the sequence of firing and capturing determines the method and accuracy. These systems generally use three methods for damage assessment and imaging, such as the plane/focus swept method, full matrix capture (FMC) and total focusing method (TFM) a post-process technique [16, 17] .
The geometry of a general phased array is highlighted in Fig. 1 , while Fig. 2 presents the various techniques available. These B-scan techniques can then be performed along the surface of the structure (y-axis) in order to generate a C-scan image.
The TFM method uses a post-processing algorithm which discretises the thickness of a sample into a grid (as shown in the figure above (d)). The signals from all the elements in the array (referring to that grid point) are then summed to focus at every point in the grid. The intensity of the image, Iðx; zÞ at any point in the scan is given by:
where D is the width of the aperture, z and x are distances in zdirection (normal to array, depth) and x-direction (position along array) for transmitting (tx) and receiving elements (rx) (Fig. 1) , h tx;rx is the Hilbert transform of the time domain signal, c 1 is the speed of sound in the medium, s is the step along the array which sets the resolution of the B-scan. Nonlinear ultrasound phased array techniques have been assessed by the following authors [19] [20] [21] [22] . Ohara et al. and Park et al. have extensively developed and evaluated and improved the detection of open and closed cracks in metallic structures using a subharmonic phased array, while Potter et al. has developed a nonlinear array based on the traditional TFM. These methods provide nonlinear ultrasound information through the thickness of the sample, rely on short excitation signals, have been assessed on metallic structures and do not generally address issues of equipment based nonlinearities.
A constructive nonlinear array (CNA) technique is proposed for optimum nonlinear imaging (NIM) of difficult flaws in laminated structures. Specifically, CNA is a post-process technique (but not limited to this) used to constructively phase match multiple captured signals at a particular position (k) given multiple transmit positions (j), similar to the TFM method. This is done by capturing the signal on the surface of the structure using a laser vibrometer (LV) and exciting from multiple locations. The technique phase matches continuous time domain signals in order to ensure constructive interference in a specific location, which is unlike the TFM method that uses short pulses and post-process beam focusing to generate grid intensity values. This longer signal (captured using CNA) provides more information with regards to the frequency spectrum of the signal (unlike pulses that have low frequency resolution), essential for accurate nonlinear ultrasound methods which rely on frequency domain components (harmonics). An added benefit of longer excitation is that it ensures that steady-state excitation is achieved at the capturing position, this results in a prolonged ultrasonic force acting on damaged/defected regions and ultimately increasing the likelihood of the generation and capture of nonlinearities from these regions.
CNA relies on the capturing of each received signal independently for each transmitting position, which has similarities with various linear and nonlinear ultrasound phased array techniques. Although, unlike linear and nonlinear techniques, which use phase shifts (time lags) between signals in the time domain to focus on individual points through the thickness of a medium, this methods looks to aggregate in-phase time signals in order to focus on the nonlinear content of the signal in the frequency domain.
The CNA method has been used to evaluate a defect region which was located in a difficult accessibility, the radii of a composite T-Section. Various linear phased array techniques have been developed to test pieces of complex geometry [23] [24] [25] [26] [27] . These methods have focused on numerical simulation and the development of corner-shaped components and smart flexible arrays. The main short-comings of these proposed methods is that, although detection is possible using these methods, they require direct measurement ('line-of-sight') over the damage region. Furthermore on more complex structures and fixed assemblies it may not be possible to position these probes or wedges. The proposed CNA method does not require direct measurement over the defect region, but rather steady-state excitation of the damage region as it depends on the propagation of nonlinearities from these locations which has been shown in the results.
Nonlinearities produced by equipment errors and instabilities are a great concern for nonlinear techniques, as the amplitudes of further harmonics are generally small and thus can be greatly altered by these effects. Further to this, small damages/defects generally require large excitation amplitudes in order for nonlinearities to generate and propagate from these regions, it is well known that the amplification of ultrasound signals result in an increase of equipment based nonlinearities, due to amplifiers and waveform generators. Thus, there is a trade-off between the excitation amplitude used for damage detection and the capability of these methods to accurately detect damage.
CNA proposed here relies on the propagation of waves throughout a structure and generally over large relative distances when compared with through thickness phased array techniques. This means that due to frequency attenuation unwanted equipment harmonics will tend to zero as distance increases, the method suggests that given a high number of transmit positions these effects will reduce and eventually become redundant, vastly improving the potential of nonlinear ultrasonic imaging techniques. Thus the CNA method provides a 'natural filter' against unwanted equipment based harmonics.
The effectiveness of CNA was evaluated using a T-section stiffened composite panel with embedded damaged (Teflon strip). A LV was used to capture time domain signals located over a grid of positions on the surface of the flange and either side of the web. The methodology will be discussed in more detail in the next sections. CNA was used to evaluate five nonlinear parameters:b (related to the second harmonic, A 2 ); c (A 3 ); d (A 4 ); e (A 5 ) and A Half (A 1=2 ), refer to Eq. (4). The result clearly show the ability of CNA to determine the damage location as well as how constructive interference and frequency attenuation provide cleaner images that outperformed the fundamental frequencies results.
Nonlinear ultrasound theory
Nonlinear elastic wave spectroscopy (NEWS) techniques have been shown to be innovative ultrasonic NDE and SHM inspection methods. Some of these methods centre on the theory of 'clapping/rubbing mechanism' (such as defects and damages), which generate nonlinear elastic effects which can be evaluated using the frequency response of a time domain signal [28] . Compared to linear ultrasound methods, these techniques have shown higher sensitivity in diagnosing material micro-defects such as porosity, inclusions and early stage damage in the form of micro-cracks, delaminations and adhesive bond weakening [5, 13, [28] [29] [30] [31] [32] [33] .
These nonlinear elastic effects give rise to further harmonic responses known as the second, third and fourth harmonics (and so forth). It has also been shown that subharmonic production can also be produced by such mechanisms which also provide higher sensitivity than linear ultrasound techniques [34, 35] . Nonlinear ultrasound uses these extra harmonics to determine the extent of defects in a material. Fig. 3 highlights the potential frequency response spectrum:
The fundamental equations used and developed in order to determine the further harmonics (second and third order nonlinearity parameters) are highlighted below. The second order nonlinearity parameter (b p ) can be described by the equation below [36] :
where A 1 and A 2 are the respective frequency amplitudes of the first and second harmonics of the recorded time domain waveforms, k is the wavenumber, and a 1 is the propagation distance. The second and third order nonlinearity parameter (c p ) allows for experimental evaluation of the respective nonlinear parameter, the third order parameter is shown below [37] :
where A 3 is the frequency amplitude of the third harmonic of the recorded time domain waveform. The simplified nonlinearity parameters considered in this piece of work are as follows:
where A 4 is the amplitude of the 4th harmonic (4f 1 ), A 5 is the amplitude of the 5th harmonic (5f 1 ), A 1=2 is the amplitude of the subharmonic (0:5f 1 ). Phase matching and the constructive interference methodology proposed in the next section is intended to be used on the fundamental frequency as well as matching the nonlinear responses (f 1 ; 2f 1 ; 3f 1 ; 4f 1 ; 5f 1 ; f 1=2 ), i.e. frequency selective constructive interference. For example: in order to constructively match the second harmonic, all time signals are shifted with respect to A 2 not A 1 and the following is true for all subsequent harmonics.
Theory and background

Phase matching and constructive interference
Considering an array with transmitting position j and receiving element k (Fig. 4 ) the time domain signal with a certain frequency (f ) can be represented as f j;k ðtÞ, thus the sum of all the transmitting elements at receiving position k can be defined by the below equation:
When considering multiple locations for j with a constant position k, a solution to get the maximum information in the receiving element k is to match the phase of f j;k ðtÞ and f jþ1;k ðtÞ to obtain a constructive interference (when exciting from multiple (j) positions at the same time).
Considering two transducer positions 1 and 2, phase matching between two captured signals at position k for a frequency of F can be achieved by determining:
Eq. (6) solves for the maximum constructive interference between the two signals, phase matching the two signals and providing a max amplitude at point k. Fig. 5 shows how constructive and destructive interference affects the amplitude of two summed signals with a frequency (f) as a function of Dt n (phase lag). Maximum constructive interference occurs within one period shift (T p , time to complete n periods calculated by n.(1/f) with n = 0,1,2,. . .) of two signals with a total time (T), assuming a frequency of f.
Based on this, Eq. (6) becomes:
where Dt is the time shift applied to the signal, and n refers to the number of shifts in time required to satisfy the condition. The value of Dt is defined by:
Given a signal captured using a specific sampling frequency (f s ) the minimum shift in the time step is given by t step and thus the maximum resolution in obtaining constructive interference is limited to this value, unless interpolation of each time signal is done. The procedure can be repeated if multiple array transmit positions (P) are considered: phase matching for all subsequent transmit positions can be done by finding Dt the time shift required to meet the max constructive interference between transmitting element j (2 and greater, solved by considering Eqs. (6) and (7)) and the preceding constructed signal (at P À 1). The procedure for a two signal system this can be expressed by:
where Dt 2 is the time step required to maximise F 2;k , solved in Eq. (7) . Repeating this process for all signals phase matched to j (P P 2), the constructive interference time signal is:
where Dt P is the last time step shift required to maximise F P . This method is clearly equivalent to adding all harmonic components gathered from the fast Fourier transform of each P transmitted signal given a location k for all the transmitter combination.
Alleviation of equipment produced nonlinearities
Nonlinearities produced by equipment are well-known issues facing the accuracy of nonlinear techniques, a technique is suggested to alleviate these issues. The method focuses on the attenuation of ultrasound in a medium and uses this phenomenon to reduce equipment nonlinearities in an array setup. If we consider the fast Fourier transform of F P;k (Eq. (12)), and consider the amplitudes of the fundamental (excitation frequency (A 1;j;k )) and the nonlinear responses (2nd (A 2;j;k ), 3rd (A 3;j;k ), 4th (A 4;j;k ), 5th (A 5;j;k ) and Half (A 1=2;j;k ) harmonics) recorded is used to evaluate the presence of damages.
If we assume that each nonlinear harmonic amplitude can be made up of equipment generated harmonics (A h;j;k;equip ) and/or damage generated harmonics (A h;j;k;dam ), the amplitude of the total nonlinear response (for harmonic h) can be defined by:
½h ¼ f1=2; 2; 3; 4; 5g
For a position (k) with a random material condition (either damaged or undamaged) the total nonlinear harmonic response ðH h;k Þ can be defined as:
where H h;k;dam will equal zero for an undamaged material position, H h;k is the total nonlinear harmonic response given by the amplitude of the fast Fourier transform of the constructively added phased matched time domain signal (F P;k , Eq. (12)) for a total number of transmit positions (P). The nonlinearities generated by the instrumentation decay with the distance as the material attenuates the propagating signal. The amplitude decay A h of an ultrasound signal can be represented by the standard equations:
Thus an attenuation coefficient can be determined given the amplitude reduction of the signal (Eq. (16), below). Moreover higher frequencies attenuate more, which results in these signals not propagating as far as lower frequencies given the same material (refer to Eq. (18)):
where d j;k is the distance of propagation, A 0 is the amplitude of the signal at source, l a is the amplitude attenuation factor, a is the attenuation coefficient, a is the attenuation given a specific frequency f (where b is dependent on material), it should be noted that as frequency increases so does attenuation. Referring to Eqs. (13) and (16), equipment generated nonlinearities (A h;j;k;equip ) emitted from transducer source P1 decays as shown in Fig. 6 (b) to zero at a distance of greater than or equal to d j;k;A h;equip ¼0 from the source of excitation. If this position is an undamaged position (UD), which means A h;j;k;dam ¼ 0 and no equipment nonlinearities propagate further than this distance, hence A h;j;k;equip ¼ 0.
An example is shown in Fig. 7 , where four transmitter positions j are considered and the amplitude of the nonlinear signal is evaluate at one receiving position k, with k located at either an undamaged (UD) or damaged (D) material region. Considering the constructive phase matched time signal F P;k (refer to Eq. (12)), the effect of A h;j;k;equip on A h;j;k can be evaluated with the procedure explained below. As shown in the example an array of four transmitting transducers (j = 1-4, thus P = 4) is assumed, and the receiver k is located at a distance (d j;k;A h ¼0 ) for j = 2, 3 and 4 where the amplitude of the nonlinear wave generated by equipment decays, hence; A h;j;k;equip ¼ 0 (for j = 2, 3 and 4). For j = 1, equipment harmonics are produced at position k as the distance d j;k;A h -0 falls in a location where equipment based nonlinearities have not fully decayed, thus in the below setup there is only one transducer location that contributes to equipment nonlinearities when capturing at position k.
If the receiver k is located in an undamaged (UD) region, the total nonlinear harmonic response H h;k;UD can be evaluated as the sum of all nonlinear amplitudes captured at point k for each of the transmit positions:
As there is no nonlinear responses generated by damaged regions and the only equipment nonlinear harmonics are generated at A h;j¼1;k¼1 , the amplitudes captured at k for transmit positions j = 2, 3 and 4 will equal zero(A h;j¼2;k¼1;equip ; A h;j¼3;k¼1;equip ; A h;j¼4;k¼1;equip ¼ 0). Now if the same process is used for a damaged (D) location k, the sum of all nonlinear amplitudes for this condition (H h;k;D ) equals: H h;k;D ¼ A h;j¼1;k¼1;equip þ A h;j¼1;k¼1;dam þ A h;j¼2;k¼1;dam þ A h;j¼3;k¼1;dam þ A h;j¼4;k¼1;dam ð19Þ
In order to evaluate the total equipment generated nonlinearities (H h;k;equip ) given the array layout in Fig. 7 , for a position k of unknown damage condition (either damaged or not) the percent of equipment nonlinearities versus damage can be expressed by:
Now if the equipment generated nonlinearities are estimated for an extended system of infinite transmit positions j with damage at point k, the percentage contribution defined as CH h;j;k;D of equipment nonlinearities H h;k;D;equip can be expressed by the following equation:
Eq. (21) above shows that equipment nonlinearities as a percentage contribution (CH h;j;k;D ) tend reduce as the number of transmit positions j are increased. In reality, the equipment produced nonlinearities are highly dependent on d j;k and using a very large number of transmit positions is not possible, nor is it reasonable to expect that all except one k positions satisfy d j;k;A h;k;equip ¼0 . Thus it can be assumed given a large number of transmit positions (P = m) that the equipment harmonic production as a percentage will tend to a minimum level (L, Eq. (22)), which is a very small portion of the total harmonic amplitude captured:
Given Eq. (22), the effect of equipment based nonlinearities in an array system with a large number of transmit positions (j) are very small when compared with nonlinearities generated by damaged regions, since: 
Now given a system with unknown damage and nonlinearities captured for each position (k), H h;k can be used to determine the nonlinear parameters (outlined in Eq. (4)). Thus by plotting each nonlinear parameter (Eq. (25), below) for each position k in the grid, a nonlinear image can be generated and used to assess material damage. 
Equipment and experimental setup
The proposed methodology was tested on a large composite stiffened panel (CFRP: 830 mm by 480 mm, with a thickness of 7 mm, refer to Fig. 10 ), manufactured with a 5 mm wide Teflon strip embedded down the right side of the t-section. The t-section flange had a width of 80 mm, thickness of 5 mm, web length of 75 mm and total length of 650 mm. The sample has been supplied with unknown characteristics (composite layers, thickness of layer and composite properties).
Due to the radius location of the inclusion it is very difficult to evaluate. Various techniques such as through transmission ultrasound (TTU) and various phased array techniques (plane C-scan, focused C-scan and section-scan) were used and failed to detect the defect, due to its location and rotation (refer to Fig. 8 below) . The TTU method evaluated the sample using various excitation Fig. 12 . CNA technique breakdown for (a) five (P = 5) and (b) six (P = 6) transmit positions. frequencies using pitch/catch. The phased array techniques used a 5 MHz 128 element probe using a half-step in pulse-echo evaluating both amplitude and TOF.
A single frequency sinusoidal continuous wave form was generated and used to excite the damage regions. Nonlinear resonance frequency testing was used to evaluate which frequencies generated the largest second harmonic response in the material. Sweeps were conducted at intervals of 20 kHz (i.e. from 20 kHz to 40 kHz) between 20 kHz and 80 kHz from the six transducer transmit location used in the final testing. An example of the process is highlighted in Fig. 9 below for three transducer locations A, B and C, with one capturing position A (a position k in the capturing array).
The green frequency response in Fig. 9 refers to the response of the signal generated while the blue frequency response refers to the material response. The vertical colour coded lines refer to the maximum nonlinear responses for the second harmonic. The vertical lines also highlight the corresponding fundamental and third harmonic responses. It is clear to see that the maximum nonlinear response does not always relate to the maximum fundamental response, and that the material response (in this case a local resonance) is dependent on excitation location and capturing position, which is expected. In this instance the capturing position was located on either side of the T-Section in-line with the transducer location (refer to Fig. 11 ). Excitation frequency was chosen Fig. 13 . b response for j = 1-6, web position separating the left and right hand LV grid points is represented by the dotted red line. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) according to which frequency gave the largest nonlinear response and whether a similar response was found at the other transmit locations. In the example in Fig. 9 , a frequency of f2 would be selected and used as it resulted in large nonlinear responses in all locations tested. As it is unlikely to find the same frequencies in all transmit location it, the frequency that is most common in the transmit locations should be used. This process was conducted for the tested sample with a frequency of 28.3 kHz being selected for CNA evaluation. Fig. 10(a) shows the full panel that was used during testing with the inspected area highlighted with a green dotted box, this has been enlarged in Fig. 10(b) to show the LV grid points captured and damage location. In Fig. 10(c) the cross-section of the T-Section is shown in detail with relevant measurements. Fig. 11 (a), like in Fig. 10(a) , shows the full sample with the green dotted box highlighting the area shown in Fig. 11(b) . Fig. 11(b) shows the general layout of the experiment with transmitting locations superimposed onto the image (P1 to P6) as well as the damage location being highlighted.
The input signals were generated using a function generator (built in generator -Polytec PSV-A-420) linked to an amplifier (Falco Systems, DC to 5 MHz, High Voltage WMA-300, x50 gain up to 300 V), and applied to the structure at 200V with a piezoelectric active transducer (Piezoshaker PS-X-03-6/1000, central frequency of 60 kHz). The piezoelectric active transducer had a built in suction cup and was attached with the aid of a pump, with Fig. 14. c response for j = 1-6 . contact aided using ultrasound coupling gel. The direct out-ofplane vibration responses were captured and averaged 15 times using a highly sensitive LV (Polytec PSV-A-420) with two grids of 795 points (15 Â 53, pitch between points $1.15 mm, receiving positions k, Fig. 10 ). The grid covered an area on either side of the T-Section (Figs. 10 and 11) . The signal response at each grid location (k) was measured with a sampling frequency of 1 MHz. Only one transducer was used to conduct the tests, this was done by moving the transmit position from P = 1-6.
Using the CNA technique (Eq. (12)), F P;k can be experimentally determined for a given number of transmit locations P. Fig. 12 shows how additional captured signals are used to construct the final time domain signal, in this case the fundamental frequency is considered. If the LV signal captured at a single point on the grid is considered (point 700, Fig. 12(a) and (b) ) and if a maximum of 6 transmit positions is used, the constructed waveform can be generated. Fig. 12(a) shows three waveforms of varying amplitude with the smallest (orange) relating to the individual signal captured at point 700 when exciting at j = 5, the second largest amplitude (green) corresponds to the summed phased matched signal for transmit positions 1-4 (i.e. F 4;k , P = 4), with the largest (yellow) relating to the phased matched sum of transmit positions 1-5 (i.e. F 5;k , P = 5). Fig. 12(b) shows three waveforms in the same manner as Fig. 12(a) , although they relate to the sixth transmit position (orange), F 5;k (green) and F 6;k (yellow). The below figure shows how the signal is constructed as transmit positions are added to the Fig. 15. d response for j = 1-6. array setup, how the signal increases in amplitude and the effect that the transmit position can have on amplitude (there is a larger amplitude at point 700 when transmitting from j = 4 than j = 5).
Results and discussion
Individual location excitation
The frequency responses for all grid points were evaluated for the six transmit positions tested (P = 6). The results for the nonlinear parameters (Eq. (12)) were plotted for each grid point after evaluating the raw time domain responses and an image of the nonlinear responses (b; c; d; e; A Half ) over the tested area was generated ( Figs. 13-17) . A robust local regression analysis was used to smooth the raw data (using MATLAB function 'rlowess'), this method is a robust procedure for reducing the influence of outliers and focuses on residual analysis in order to determine these outliers.
The results for individual j transmitting positions (f 1;k ðtÞ for example) are shown for each of the nonlinear parameters in Figs. 13-17 . In the images a dotted red line is used to represent the position of the web of the t-section, thus damage if captured using the CNA method should fall to the right of this line. Fig. 16 . e response for j = 1-6.
Considering the b; c; d; e; A Half responses for each location j it is clear that there is generally an order of magnitude difference between the lowest and highest values for all transducer positions tested (1-6). Individually it can be difficult to determine damage location, for example for b (Fig. 13 ) the response only matches the damage location when exciting from position j = 1. The variability of the maximum response amplitude of b (between 0.18 and 3) and the locations of these maxima values for the different excitation positions demonstrates how sensitive transducer location can be in the damage/defects evaluation process.
These effects can be attributed to directionality and magnitude of the incident wave propagating towards the damage/defect regions and how these are affected by the composite structures geometry (wave reflections) and mechanical properties i.e. attenuation, the way the wave interacts with boundaries, changes in boundary geometry and importantly for nonlinear evaluation interaction with the damage/defects. Further complicating these factors is the generation of harmonics at damage/defect locations and propagation from these locations, which are dependent on the incident wave location and magnitude.
From the individual transducer location results it is clear that only certain locations clearly highlight the defect, these defect locations can be hidden due to equipment nonlinearities. For example if c for j = 2 is considered (Fig. 14) , the defect location seems to be evident to the right of the red dotted line, although the image will also suggest that there is a defect located in the bot- The CNA methodology looks to reduce and alleviate spurious responses and focus on those generated by actual defect locations, this will be shown in the compiled CNA images (Figs. 19 and 20) . The CNA images were generated after evaluating nonlinearities occurring in the constructive phase matched and summed signal; for the fundamental frequency F 6;k (Eq. (12), Fig. 19) , and for signals matched to each harmonic (frequency selective constructive interference) shown in Fig. 20 .
CNA evaluation
After showcasing the issues that are generally encountered when evaluating complex composite structures this section evaluates the effectiveness of the CNA methodology, looking to determine whether the hypothesised reduction in equipment nonlinearities due to attenuation is effective in locating the damage/defect. Fig. 18 below shows the normalised CNA image for the fundamental harmonic response (A 1 ) for positions j = 1-6. It is clear from the image that the damage location cannot be determined by evaluating the fundamental frequency response alone. But it should be noted that nonlinear ultrasound relies on a dual effect: the generation of harmonics and a reduction of the fundamental frequency response as energy is converted into these further harmonics. This increase in nonlinearities and decrease in the linear response has been shown to result in increased sensitivity in damage/defect detection. when using CNA focused on matching and shifting to maximise the fundamental frequency response (as shown in Fig. 12 ). It is evident that maxima values are more focused in the actual damage location and other areas are generally lower (cleaner) with less spurious effects. For example if A Half is assessed, looking at j = 5 ( Fig. 17) it would suggest that there is some damage/defect located to the middle right of the inspected area. But after CNA reconstruction these areas are significantly reduced, thus these responses can be assumed to be a direct result of exciting from that location and are not a damage/defect response. These observations are seen for the other nonlinear parameters, and suggest that the CNA methodology is working as hypothesised, reducing equipment based harmonics and focusing on actual damage generated harmonics; as was suggested in Eq. (23) ( P m j¼1 A h;j;k;equip ( P m j¼1 A h;j;k;dam ). One important factor that has not yet been discussed for CNA construction when matching to the fundamental, which is the issue of the phase of the harmonics (2-5 and the ½). It would be unrealistic to assume that the nonlinear phase matches that of the fundamental, therefore it is likely that there is some level of deconstructive interference between the produced harmonics when focusing on the fundamental. This means the summed signals (1-6) can actually result in a reduction in the amplitude of harmonics, which is further compounded by the fact that fundamentals amplitude will always increase. The solution to this issue is focusing on the individual harmonics and constructing each one individually to ensure the maximum values for A 1=2 to A 5 . Thus when summation for multiple j position these will always result in an increase of the nonlinear parameters over the whole inspected area. Fig. 20 shows the results for each nonlinear parameter when each harmonic is maximised by focusing on the respective harmonics. There is a clear increase in the contrast between the defected location and undamaged regions for b and e, with the defect location clearer for b and c, and the area to the bottom right of the damage region has reduced in d and e. In Fig. 19 there is a larger nonlinear response towards the bottom of the defect when compared to Fig. 20 . It should be recorded, that Fig. 19 is phased matched to the fundamental frequency which may results in either constructive or destructive interference of higher order harmonics contained in the raw time signal. As such, the results produced using this methodology result in inconsistent results.
In Fig. 20 d and A Half still exhibit some artefacts towards the bottom right, which seem to obscure the results and suggest that they should be perceived as damage. But it should be noted that in both these images, these artefacts have an amplitude of <30-35% of the maximum defect amplitude and thus are small comparatively. Thus providing further improvement to the results obtained using CNA matched to the fundamental.
The CNA method (matched to individual harmonics) was further evaluated by assessing additional excitation positions on the evolution of the final nonlinear parameter image (b; c; d; e; A Half ), this was done by assessing the results for 2, 4 and 6 transmit positions and normalising to the maximum value according to the 6 transmit position results. Fig. 21 below shows the three scenarios evaluated for each parameter, as is expected the defect location becomes more visible as transmit positions are added. The effect of each transmit position on the total image is highly dependent on its location but also on the number of transmit positions, the higher the number the less the contribution of each extra element (depicted in Fig. 12 ).
Production and propagation of damage generated nonlinearities can vary depending on a multitude of factors such as; excitation signal (amplitude and frequency) and material/damage properties. Thus in order to evaluate whether six transmit positions is sufficient for the tested sample a threshold was applied to the b results. b was used as the energy conversion from the fundamental to the second harmonic is generally the largest (refer to Fig. 22 ). The thresholds were applied as a percentage of the max b value with anything below the threshold reduced to zero.
With the threshold set at zero, it is clear that there are some nonlinearities produced either side of the damage area, which can be assumed to be equipment generated nonlinearities (damage location is known). A 10% level shows that most of the nonlinearities either side of the damage have disappeared. This suggests that most equipment based nonlinearities are <10% of the max damage generated nonlinearity (up to an order of magnitude greater), with all equipment based nonlinearities falling below 20%. It can be seen from Fig. 21 that the damage, in most cases, only becomes visible once six transmit transducers are used. Thus four positions are not sufficient to reduce equipment based harmonics in this case, with six transmit positions regarded as the minimum requirement.
Conclusion
A Constructive Nonlinear Array (CNA) technique is proposed in this paper for the detection of defects/damages in complex composite structures. This method relies on a post-process technique that phase-matches and constructively sums signals captured at multiple grid positions (k) given multiple transmitting positions (j), the results show that the method increases accuracy and repeatability of nonlinear imaging techniques (NIM). The main reason for this is the hypothesis of diminishing equipment harmonics given an array of increasing transmit positions, which has been demonstrated experimentally.
The main advantages of CNA are: (1) the location of excitation does not have to be directly above or in-line with the damage as the whole structure is vibrated, (2) due to the lower frequency excitation, larger areas can be evaluated with lower energy costs, (3) nonlinear methods have been proven to be more sensitive to smaller damages when compared with linear techniques, and (4) the reduction in equipment related issues (nonlinearities) provides a big improvement which has previously hindered nonlinear techniques. By alleviating these equipment issues found in most NIM techniques, CNA provides a step forward in terms of acceptance of NIM techniques in industry.
Further to this, the generated CNA images presented in this paper clearly demonstrate the ability of this techniques to locate defects/damage by assessing nonlinearities generated by such regions. Multiple nonlinear responses (b; c; d; e; A Half ) over the tested area were assessed, due to the constructive interference methodology proposed by this technique they yielded good results and highlighted the effectiveness of the proposed technique.
